Introduction
Eukaryotic DNA is highly condensed into chromatins. The basic unit of chromatins is the nucleosome, consisting of DNA wrapped around an octamer of histone proteins (two copies of histone H2A, H2B, H3 and H4). The compacted chromatin alters the accessibility and behavior of the DNA and recognition by the transcription factors and RNA polymerase [1] . Thus, it is generally believed that nucleosomes must be remodeled at certain regions of a given gene to increase DNA accessibility in order to trigger efficient gene expression by transcription factors during development or stress responses. Histone variants are specialized histones which replace their canonical counterparts in specific nucleosomes on the genome. This is catalyzed by specific ATP-dependent chromatin remodelers. The replacement of histone variants on the core histones of nucleosomes and post-translational modifications on the tails of core histones contribute to the stability of the modified nucleosomes at defined regions of the genome [2] .
Although many histone variants are specific to higher eukaryotes, H2A.Z is an evolutionarily conserved histone variant [3] which shares higher sequence similarity among different eukaryotic species than to the canonical H2A within the same organism, suggesting a functionally distinct role for H2A.Z on gene expression and genomic stability [4] . H2A.Z is characterized by an extended acidic patch on the surface of nucleosomes and a unique C-terminal tail [5] , changing the surface of the H2A.Z-H2B dimer and affecting chromatic compaction [6] . Therefore, H2A.Z is commonly found at the regulatory regions of genes, such as promoters [7] , transcription start-sites (TSSs), enhancers, gene bodies [8] , and heterochromatin [6, 9, 10] . The distribution of H2A.Z in the genome is mediated by the H2A.Z-specific nucleosome-remodeling complex. In Saccharomyces cerevisiae, the deposition of H2A.Z into nucleosomes is catalyzed by an ATP-dependent chromatin remodeling complex SWR1 [11] consisting of the catalytic Swr-1 subunit and 13 other subunits [11] . This complex is responsible for the histone dimer exchange by removing H2A-H2B dimer and incorporating of H2A.Z-H2B dimer [11] [12] [13] .
Much of what we know regarding the function of H2A.Z stems from studies performed in the S. cerevisiae, where it has been implicated principally in regulating gene expression both positively [14] [15] [16] and negatively [17] . In S. cerevisiae, H2A.Z located at promoter can exert positive effects on gene expression, including recruiting RNA polymerase II and TATA-binding protein to the GAL1-10 promoters after galactose induction [15] . Moreover, H2A.Z deposited proximal to telomeres serves as boundary to prevent the spreading of heterochromatin into euchromatic regions [18] . Furthermore, early reports [7, [19] [20] [21] have shown that H2A.Z is preferentially localized within a few nucleosomes of inactive/basal promoter regions in the yeast genome, suggesting that the variant histone poises genes for activation. Indeed, H2A.Z is preferentially evicted from promoters during gene activation in exchange for H2A [14, 21] . These findings indicate that H2A.Z nucleosomes are predisposed for disassembly to allow for a rapid transcriptional response.
In mammalian cells, the histone variant H2A.Z is preferentially incorporated at enhancer regions [22] . It was described as an essential determinant of the inducible transcriptional activation mediated by the estrogen receptor alpha (ERα) [23, 24] . Current views suggest that H2A.Z present at active enhancers bound by the ERα promotes RNA polymerase II recruitment, enhancer RNAs (eRNAs) production and enhancer-promoters interactions [24] . In line with the observations in yeast, it was found that H2A.Z dissociates from enhancers during inducible gene activation [23, 25] . Consistent with this, recent studies show that the histone variant H3.3 antagonizes the chromatin compaction mediated by H2A.Z with retinoid acid (RA) induction, leading to the quick eviction of nucleosomes and activating RAR/RXR-regulated genes transcription [26] .
Comparison of RNA-seq data with genome-wide H2A.Z enrichment analyses showed that high levels of H2A.Z in Arabidopsis thaliana gene bodies correlates with lower transcription levels and higher capacity of gene responsiveness in wild-type, whereas lack of H2A.Z caused unusual regulation/expression of genes in response to environmental and developmental stimuli [8] . Consistent with this, previous observations in Arabidopsis revealed that H2A.Z-containing nucleosomes are depleted from genes that are up-regulated by increasing temperature, suggesting that H2A.Z may act as a thermo-sensor in plants [27] . Similar studies performed recently demonstrated that levels of H2A.Z in the coding region of drought-responsive genes correlate with transcript levels. Meanwhile, H2A.Z is removed from nucleosome upon transcriptional activation [28] . Thus, these results indicate that the histone variant H2A.Z plays a vital role in mediating responsiveness of genes to the external cues.
Aerobic organisms are potentially exposed to internal or external stimuli such as reactive oxygen species (ROS) via respiration, metabolism as well as effective defense against exogenous pathogen [29] . ROS mainly consist of singlet oxygen, superoxide (O 2
• − ), hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals [29] . In Neurospora crassa, ROS act as cellular signal molecules responsible for mycelial and conidial development [30] . Imbalance between endogenous generation of ROS by oxidants and antioxidants results in oxidative stress or signal molecules. In order to enhance fitness and survival, aerobic organisms generated ROS scavengers such as catalases (CAT) that reduce H 2 O 2 produced in cells to water and oxygen [31] . Catalases are prevalent in most organisms, such as CAT-1, CAT-2 and CAT-3 in N. crassa. Catalases in N. crassa are inducible by oxidative stress and are differentially expressed during the asexual life cycle [32, 33] . Genetic evidence shows that CAT-3 is the key catalase in growing hyphae whose function could not be replaced by other catalases, even under oxidative stress conditions [34] . CAT-1 mainly exists in conidia [35] , whereas the CAT-2's function is unclear. Precise regulation of responsive gene expression to the environmental or intercellular stimuli is thought to be crucial for the development of an organism and its ability to respond to environmental stress. In N. crassa, the strictly regulated expression of cat-3 provides a In fungi, the histone variant H2A.Z is highly conserved during eukaryotic evolution ( Fig. S1A and B) . Although H2A.Z is essential in many organisms [37] [38] [39] , deletion of H2A.Z (also known as Htz1) gene from S. cerevisiae genome is achievable [15] To further confirm the function of H2A.Z in H 2 O 2 resistance, a plasmid in which H2A.Z gene is driven by ccg-1 promoter was reintroduced to the H2A.Z KO strain. As shown in Fig. 1D and E, expression of wild-type H2A.Z-3Myc can complement the growth deficiency of H2A.Z KO strains and the sensitivity to H 2 O 2 , indicating that the observed phenotypes of mutants were due to the deletion of H2A.Z. Taken together, these results suggest that H2A.Z may play a role in the regulation of cat-3 transcription in response to H 2 O 2 treatment.
H2A.Z functions to suppress cat-3 gene expression
To test whether H2A.Z affects the activities of catalases, we measured the zymogram of catalases using an in-gel experiment both in wild-type and H2A.Z KO strains [40] . As shown in Fig. 2A , the bands corresponding to CAT-3 activity were robustly higher in mutants than those in wild-type, confirming that the H 2 O 2 -resistance phenotype observed in the H2A.Z KO strains was indeed due to dramatically elevated CAT-3 activity. Ectopic expression of H2A.Z-3Myc driven by ccg-1 promoter in H2A.Z KO mutants restored the activity of CAT-3 to the level of those in wild-type ( Fig. 2B ), indicating that H2A.Z negatively regulated CAT-3 activity. Additionally, the bands corresponding to CAT-1 and CAT-2 activity, respectively, were only slightly elevated in mutants.
Together, these findings indicate that the resistance to oxidative stress of H2A.Z KO mutants is due to elevated CAT-3 activity.
Robust CAT-3 activity observed in H2A.Z KO strains suggest that H2A.Z is required for repression of cat-3 expression. Western blot analyses revealed that expression of CAT-3 dramatically increased in H2A.Z KO strains compared to those in the wild-type strains (Fig. 2C ).
Ectopic expression of wild-type H2A.Z-3Myc efficiently suppressed the constantly overexpressed CAT-3 in H2A.Z KO strains to the wild-type level ( Fig. 2D ). Previous studies showed that cat-3 expression was induced by developmental signal and oxidative stress [35] . In budding yeast, H2A.Z is preferentially localized within a few nucleosomes of inactive/basal promoter regions in the yeast genome for activation induced by intracellular or extracellular signals [7, [19] [20] [21] . The elevated CAT-3 protein in H2A.Z KO strains could be regulated at transcriptional levels. As shown in Fig. 2E , RT-qPCR analyses clearly demonstrated that cat-3 mRNA was dramatically elevated in H2A.Z KO mutants compared to that in wild-type strain, indicating that H2A.Z functions to suppress the transcription of cat-3 gene in N. crassa. These results support the notion that H2A.Z negatively regulates cat-3 transcription by affecting the specific nucleosomes at cat-3 locus.
H2A.Z is enriched at both cat-3 locus and the heterochromatic boundaries of cat-3 upstream region
To further test whether H2A.Z directly locates at cat-3 locus, we first generated the polyclonal antibody against H2A.Z protein and examined the enrichment of H2A.Z at cat-3 locus. As shown in Fig. 3A , this polyclonal antibody can specifically recognize endogenous H2A.Z protein band in wild-type strains but not in H2A.Z KO strain. Next, we performed ChIP assays using anti-H2A.Z antibody and a set of 8 oligonucleotide primer pairs (1-8; see Fig. 3B ) spanning the cat-3 locus and its upstream heterochromatic region. ChIP-qPCR data using H2A.Z antibody immunoprecipitated DNA revealed that H2A.Z specifically gathered at cat-3 locus, peaking at TSS, ORF 5′ (primer pairs 6) and ORF 3′ (primer pairs 8) (Fig. 3B) . Interestingly, H2A.Z also enriched at the boundaries (primer pairs 1 and 5) of 5-kb heterochromatin adjacent to cat-3 promoter (Fig. 3B) . We (Fig. 3C ). Taken together, these results indicate that H2A.Z directly deposits at the TSS of cat-3 gene to affect its expression.
Swr-1 functions in SWR1 complex and regulates H2A.Z deposition at cat-3 locus
Previous studies showed that SWR1 complex deposits H2A.Z-H2B dimer into nucleosome by exchanging H2A-H2B dimer in yeast [11, 12] . Amino acid alignment reveals that there are 13 subunits of SWR1 in N. crassa and Swr-1 (NCU09993) subunit of the SWR1 complex is required for catalyzing H2A.Z deposition. As shown in Fig. 4A and B, swr-1 KO mutants were highly resistant to H 2 O 2 treatment similar to H2A.Z KO strains. Deletion of Swr-1 also elevated both CAT-3 protein and activity levels ( Fig. 4C and D) . Similarly, cat-3 mRNA levels in swr-1 KO mutants were dramatically increased compared to those in the wild-type strains (Fig. 4E) , indicating that Swr-1 plays an important role in the negative regulation of cat-3 expression.
To understand the roles of other subunits in the SWR1 complex in regulating cat-3 expression, we generated knock out strains of Swc-2 (NCU06453), Swc-6 (NCU09221), Swc-5 (NCU06491) and Yaf9 (NCU00359) from genome, respectively. In agreement with the case in swr-1 KO , deletion of each subunit led to strong CAT-3 activity as well as protein accumulation (Fig. 5A and B) . Race tube assay showed that these deletion mutants were also highly resistant to oxidative stress compared to wild-type strains ( Fig. 5C and S2 ). Taken together, these results indicated that SWR1 complex negatively regulates cat-3 transcription.
To further investigate that the elevated cat-3 expression in the mutants of SWR1 subunits is due to the loss of H2A.Z deposition at cat-3 locus, we examined the enrichment of H2A.Z at cat-3 locus in SWR1 defective mutants. ChIP assay revealed that H2A.Z deposition at cat-3 TSS and promoter regions of cat-3 gene was significantly lost in SWR1 defective mutants (Fig. 5D) , indicating that the loss of H2A.Z or reduced incorporation of H2A.Z at cat-3 locus results in the elevated cat-3 transcription in N. crassa.
Loss of H2A.Z incorporation elicits a gain of activator occupancy at cat-3 locus
The preferential localization of H2A.Z is seen at a subset of gene promoters associated with transcription factor binding [41, 42] . Also in ESCs, H2A.Z facilitates chromatin accessibility to promote both active and repressive complexes required for ESC self-renewal and differentiation [43] . We recently showed that CPC1, the N. crassa homologue of yeast GCN4, is the key activator for activation of cat-3 expression, via direct binding to the promoter of cat-3 in response to the developmental signals and oxidative stress [36] . To test whether the elevated cat-3 expression in the H2A.Z KO and swr mutants is due to the increased binding of CPC1 at cat-3 locus, where the specific CPC1 binding sites have been previously identified [36] , we performed ChIP assay using the anti-CPC1 antibody. Fig. 6A -C revealed an increased enrichment of CPC1 at cat-3 promoter, TSS as well as heterochromatic boundary regions in mutants compared to those in wild-type strains, suggesting that loss of H2A.Z or decreased H2A.Z deposition leads to more accessibility for CPC1 binding in activation of cat-3 transcription. Interestingly, RTqPCR anaylsis revealed that the levels of cpc-1 mRNA elevated in H2A.Z and swr mutants compared to those in the wild-type strain (Fig. 6D) , implying that the enhanced CPC1 expression results in its higher recruitment at cat-3 locus.
The increased enrichment of CPC1 at cat-3 locus in the H2A.Z KO and swr mutants intrigued us to investigate the genetic interaction of CPC1 = 3) . Significance was assessed by using a two-tailed t-test. *P < 0.05, **P < 0.01, and ***P＜.001 vs. WT.
and H2A.Z deposition on cat-3 expression. The cpc-1 (j-5) mutant was previously created through a translocation of its upstream sequence, starting 40 bp downstream from its TSS [36, 44] , thus we created the H2A.Z KO cpc-1 (j-5) and swc-5 KO cpc-1 (j-5) double mutants. Western blot analysis showed that the high expression of CAT-3 in H2A.Z and swc-5 mutants was restored to wild-type levels in double mutants (Fig. 6E ) strongly suggesting that the deposition of H2A.Z antagonizes CPC1 recruitment to restrict cat-3 expression at a low level under normal conditions. To further confirm that the H2A.Z deposition counteracts CPC1 positive function to inhibit cat-3 expression, we transferred pccg-1-H2A.Z-3Myc plasmid into the wild-type strain. As shown in Fig. 7A and B, ectopic expression of H2A.Z-3Myc protein driven by ccg-1 promoter in wild-type strain decreased CAT-3 levels compared to those in the wild-type strains. Similarly, overexpression of each subunit of SWR1 complex also reduced CAT-3 levels compared to those in wild-type strains ( Fig. 7C and D) . Collectively, these results confirm that H2A.Z deposition suppresses CPC1-activating cat-3 expression in N. crassa.
H2A.Z is rapidly removed for full activation of cat-3 gene under oxidative stress
Previous reports have shown that H2A.Z binding is gradually lost upon gene induction [14, 15] , suggesting that the incorporation of histone H2A.Z into promoter chromatin prepares genes for activation upon appropriate physiological signals [7, 41] . Additionally, H2A.Z within coding sequences of genes correlates with gene responsiveness and loss of H2A.Z results in misregulation of various inducible genes [8, 28] . To test whether H2A.Z is also evicted from the cat-3 locus upon oxidative stress to activate cat-3 expression, we examined the changes of H2A.Z enrichment at cat-3 locus following menadione or H 2 O 2 treatment, which results in an impairment of cellular redox equilibrium (Supplementary Table S3 ). As expected, Fig. 8A-C showed that the binding of H2A.Z decreased at the cat-3 promoter, TSS and upstream heterochromatic boundary loci in wild-type strains after 0.1 mM menadione treatment. Consistent with the activation of cat-3 transcription, the recruitment of CPC1 at cat-3 locus increased following 0.1 mM menadione treatment (Fig. 8D-F) .
Since H2A.Z is removed from cat-3 locus in wild-type in response to oxidative stress for cat-3 gene induction, the absence of H2A.Z might fail to respond to environmental stimuli. As expected, deletion of H2A.Z maintained CAT-3 protein and activity at a constitutively high level and impeded cat-3 induction (Fig. 9A and B) . Furthermore, CAT-3 induction was also abolished in swr mutants with 0.1 mM menadione or 10 mM H 2 O 2 treatment (Fig. 9A and B) , suggesting that the incorporation of H2A.Z mediated by SWR1 complex is the major pathway in response to Significance was assessed by using a two-tailed t-test. *P < 0.05, **P < 0.01, and ***P＜.001. (C) ChIP assays using H2A antibody revealed the binding of H2A at cat-3 locus in WT and H2A.Z KO mutant.
oxidative stress, and loss of SWR1 leads to inefficient deposition of H2A.Z and reduced response ability to stimuli. Together, these results emphasize that when strains are under oxidative stress conditions, H2A.Z disassociated from promoter, TSS as well as the upstream boundary of cat-3 gene in subsequent assisting CPC1 recruitment to facilitate rapid and full transcription of cat-3 gene.
Discussion
Histone variant H2A.Z plays a center role in the precise mediation of responsive genes to environmental stimuli in a physiological contextdependent manner [27, 28, 45] . In this study, we explored the role of H2A.Z in transcriptional regulation of cat-3 gene which can be induced by oxidative stress from environmental or intracellular stimuli. Unlike its essential role in other organisms [37] [38] [39] , H2A.Z knock-out mutant in N. crassa is viable. Deletion of the histone variant H2A.Z gene in N. crassa genome leads to robust cat-3 activation and high resistance to H 2 O 2 treatment. Our data support a model where H2A.Z represses cat-3 transcription in non-inductive conditions (Fig. 10A) . ChIP assay revealed that the deposition of H2A.Z at cat-3 locus depends on nucleosomal remodeling complex SWR1. Loss of the Swr-1 subunit and other components of SWR1 complex resulted in a high CAT-3 expression and H 2 O 2 resistant phenotype similar to those in H2A.Z KO mutants. Strikingly, the recruitment of the activator CPC1 increased at cat-3 locus following the loss of H2A.Z and H2A.Z deposition. Furthermore, H2A.Z is immediately evicted from the chromatin at cat-3 locus in response to oxidative stress with a corresponding accumulation of CPC1 at cat-3 locus. Additionally, CAT-3 induction is impeded in H2A.Z KO or SWR1 subunits defective mutants treated with H 2 O 2 or menadione, suggesting that H2A.Z deposition may serve as a regulatory target for external stimuli. Collectively, we conclude that H2A.Z antagonizes CPC1 binding to restrict cat-3 expression in a normal setting, whereas under oxidative stress H2A.Z is removed from chromatin, leading to a rapid and full activation of cat-3 transcription, enhancing the capacity of resistance to physiological stimuli ( Fig. 10A and B) . The deposition of H2A.Z at cat-3 locus negatively regulates cat-3 expression in N. crassa, and this effect of H2A.Z on gene transcription is also observed in other publications. Previous study performed in U2OS cells demonstrated that H2A.Z constitutes a repressive barrier to p53-dependent p21 activation [41] . Additionally, DREAM (dimerization partner (DP), RB-like, E2F and MuvB) complex in Caenorhabditis elegans suppresses most cell cycle control genes expression during quiescent stage. In H2A.Z defective mutants, many DREAM targets genes were upregulated, suggesting that DREAM complex represses its targets via depositing H2A.Z into gene bodies [46] .
We have shown that H2A.Z is distributed at cat-3 gene locus, especially at TSS, promoter, ORF and upstream heterochromatic boundary. The deposition of H2A.Z into nucleosome is mediated by SWR1 complex [11, 12] . As expected, deletion of the catalytic subunit Swr-1 derepressed cat-3 expression, the result consistent with what observed in H2A.Z KO mutants. Meanwhile, loss of other components of SWR1 revealed high level expression of cat-3 and decreased H2A.Z Significance was assessed by using a two-tailed t-test. *P < 0.05, * *P < 0.01, and * **P＜.001 vs. WT. incorporation within specific nucleosomes at cat-3 locus, indicating that Swr-1 subunit functions in a SWR1 complex dependent manner. Thus, the suppressive function of H2A.Z on cat-3 transcription is mediated by SWR1 complex. Even though it has been universally uncovered that the positive function of H2A.Z is involved in gene transcription, there is little information on the underlying mechanism upon the repressive effect of H2A.Z. One explanation is based on the property of histone variant H2A.Z. It is reported that H2A.Z facilitates higher-order chromatin structure formation mediated by HP1 (heterochromatin protein 1) in vitro, through a much tighter interaction between its extended acid patch and neighboring nucleosome [6] . Another similar report [26] demonstrated that H2A.Z enhances the stability of mononucleosomes using FRET and magnetic tweezer analyses, suggesting that H2A.Z represses gene transcription via stabilizing mononucleosomes and facilitating chromatins to generate more compact structures. Other illustrations focus on the interactions of H2A.Z with other factors to modulate gene expression. The study performed in ESCs revealed that promoters and enhancers rich in H2A.Z is required for access of active and repressive complexes to chromatin for self-renewal and differentiation, respectively [43] . In addition, another group demonstrated that H2A.Z repressed p21 expression through its differential localization directed by the activator p53 [41] , indicating that the cooperation between H2A.Z and activator functions to regulate gene transcription. We have shown that increased cat-3 expression following deletion of H2A.Z is due to the elevated recruitment of CPC1 at cat-3 promoter region, indicating that H2A.Z suppressed aberrant CPC1 efficient binding to cat-3 locus in wild-type. There are two possibilities for the accumulated binding of CPC1 at cat-3 locus. One is that the CPC1 activity is enhanced in H2A.Z KO mutant, however, there is little information on the regulation of CPC1 activity. Another one is the increased cpc-1 mRNA level resulting in its accumulation on chromatin. It has been proved that the cpc-1 mRNA is elevated in H2A.Z KO and SWR1 components defective mutants, indicating that the defections of H2A.Z and SWR1 subunits elevated CPC1 targeting to cat-3 locus via enhancing cpc-1 mRNA expression, leading to persistently high CAT-3 expression. Moreover, disassociation of H2A.Z might expose more binding sites of CPC1. Altogether, we conclude that H2A.Z likely counteracts the positive effect of CPC1 to restrict cat-3 expression. The distribution of H2A.Z in coding region is in line with the fact that gene body located H2A.Z has relationship with gene responsiveness to external stimuli [8] . Indeed, cat-3 is the key catalase resistant to H 2 O 2 in N. crassa [34] , and it can be induced by environmental stimuli. We demonstrated that the full activation of cat-3 in response to oxidative stress is accompanied by the removal of H2A.Z at cat-3 locus to facilitate more CPC1 accumulation, whereas the induction of cat-3 in the deletion strain of H2A.Z cannot respond to the oxidative stress. Consistent with our observations, previous studies showed that the removal of H2A.Z from nucleosomes is coupled with gene activation [14, 15, 21] , indicating that H2A.Z prepares genes for activation. Moreover, the nucleosome in the budding yeast PHO5 promoter is evicted for the binding of an activator to mediate transcriptional induction on low phosphate medium [47] . Recent studies show that the histone variant H3.3 actively regulates the transcription of genes by tRA induction through impairing the folding of chromatin fibers mediated by H2A.Z, which is accompanied by the quick eviction of nucleosomes on the promoter region of the Cyp26A1 gene after tRA induction [26] . Therefore we cannot rule out that the histone variant H3.3 might be incorporated into H2A.Z containing nucleosomes in response to oxidative stress, leading to an opening structure of the chromatin and increased nucleosome accessibility for the binding of transcription factors. The first (+1) nucleosome is thought to be the largest barrier for RNAPII transiting in Drosophila, however, the barriers can be tuned in part by the presence of H2A.Z [48] . Additionally, the + 1 nucleosome at yeast genes usually overlaps the TSS [49] , therefore the H2A.Z containing nucleosome should be removed upon gene induction to provide access for the transcriptional machinery. A current study performed in yeast demonstrated that the preinitiation complex (PIC) evicts H2A.Z at TSS before RNAP II dissociation, indicating that H2A.Z serves as a barrier for RNAP II elongation [50] . Similar results have shown that Thr4 of the budding yeast RNAP II CTD is required for activation-associated eviction of H2A.Z specifically from promoters [51] . Since H2A.Z is present at cat-3 TSS in N. crassa to carry out the repressive function on gene transcription, we speculate that it may provide a barrier for RNAP II transiting. By demonstrating that H2A.Z repressed basal cat-3 transcription by blocking aberrant CPC1 to cat-3 locus, we propose that the balance between positive effect of CPC1 and negative effect of H2A.Z restricts cat-3 expression at a low level in a normal setting. Menadione treatment of wild-type strain resulted in dramatic H2A.Z disassociation signal with a corresponding accumulation of CPC1 at cat-3 locus, which led to the rapid gene expression under oxidative stress. Our founding that H2A.Z antagonizes the active effect of CPC1 at cat-3 gene locus provides a novel mechanism of the interactions between transcription factors and chromatin dynamics to regulate gene transcription in a contextdependent manner. Significance was assessed by using a two-tailed t-test. *P < 0.05, **P < 0.01, and ***P＜.001.
Materials and methods
for his-3 targeting construct transformation. All strains used here have the same bd background.
The medium for race tube assays contained 1×Vogel's salts, 0.1% glucose, 0.17% arginine, 50 ng/mL biotin and 1.5% (w/v) agar with or without H 2 O 2 . Liquid cultures conditions were the same as described previously [40] . Oxidative stress was administered by incubating cultures grown from mycelium disks with 10 mM H 2 O 2 or 0.1 mM menadione for 2 h before harvested at 18 h.
Generation of antiserum against H2A.Z
GST-H2A.Z (containing H2A.Z amino acids 1-142) fusion protein was expressed in BL21 cells, and the soluble recombinant protein was purified and used as the antigen to generate rabbit polyclonal antiserum, as described previously [54] .
The race tube assays
Conidia of different strains were inoculated at one end of each race tube and were incubated at 25 ℃ under constant light (LL) with medium containing 0, 10 or 20 mM H 2 O 2 . The position of the advancing mycelia front was marked at 24 h intervals on the tube. When growth was completed, the relative growth rate of each strain was measured by calculating the average growth rate of each strain on the medium containing H 2 O 2 relative to that on the medium without H 2 O 2 . Each experiment performed at least three times independently.
Western blot analyses
Cell extracts from the adhered mycelium incubated for 18 h were used for carrying out protein analyses. Protein extraction and western blot analyses were performed according to described previously [54] . Equal amounts of total protein (20 µg) were loaded on 7.5% polyacrylamide gels and separated by SDS-PAGE. After electrophoresis, proteins were transferred onto PVDF membrane by electroblot. Western blot analyses were performed by using antibodies against the proteins of interest.
In-gel assay for activity of catalases
Mycelium disks grown in liquid medium for 18 h and cell extract was used for the in-gel assay as previously performed [40, 55] . Equal amounts of total protein (20 µg) were loaded into a 7.5% native polyacrylamide slab gel. After electrophoresis, the gel rinsed with ddH 2 O was immersed in 10 mM H 2 O 2 with gently shaking for 10 min, and then immediately transferred into a mixture of freshly prepared 1% potassium hexacyanoferrate (III) and 1% iron (III) chloride hexahydrate. Catalase activity was visualized as a band where H 2 O 2 was decomposed by catalases.
RT-qPCR analyses
For RT-qPCR assays, total RNA was isolated with TRIzol agent and treated with DNase I to remove genomic DNA according to the previous decreased [40] . Each RNA sample (5 μg) was subjected to reverse transcription with M-MLV reverse transcriptase purchased from Promega (M1705), and then amplified by real-time PCR. The primers used for qPCR were shown in Supplementary Table S1 . The relative values of gene expression were calculated using the 2 -ΔΔCT method [56] by comparing the cycle number for each sample with that for the untreated control. The results were normalized to the expression level of β-tubulin gene.
ChIP analyses
Chromatin immunoprecipitation (ChIP) assays were performed as described previously [57] . In brief, tissues were fixed with 1% formaldehyde for 15 min at 25°C with shaking followed by stopped with glycine at a final concentration of 125 mM for 5 min. Cross-linked tissues were ground and resuspended at 0.5 g/5 mL in lysis buffer containing proteinase inhibitors. Chromatin was sheared by sonication tõ 500 bp fragments. 2 mg/mL protein was used per immunoprecipitation and 10 µL was kept as the input DNA. ChIP was carried out with 8 µL of antibody to H2A.Z, 4 µL of antibody to H2A (ab18255; Abcam) and 10 µL of antibody to CPC1. Immunoprecipitated DNA was quantified using real-time PCR (7500; ABI) with primer pairs (see Supplementary Table S2 ). ChIP-quantitative PCR (qPCR) data were normalized by the input DNA and presented as a percentage of input DNA. Each experiment was independently performed at least three times.
